Background and Purpose: This article describes the prevalence of extracranial carotid atherosclerosis assessed by ultrasonography, its association with risk factors, and its relation to symptomatic coronary disease and stroke in men and women aged >65 years.
ciated with carotid stenotic lesions in a younger population continue to have the same importance as age increases beyond 65 years is poorly understood. Since clinical symptoms do not appear until the disease process is quite advanced and involves multiple portions of the arterial tree, it has been difficult to determine the developmental stages of carotid disease and to establish whether significant differences exist between symptomatic and asymptomatic adults.
The goals of this study were to determine the prevalence of asymptomatic carotid atherosclerosis in the elderly using ultrasound to differentiate between those with and without disease, to compare the ultrasound findings with previously recognized risk factors for atherosclerosis, and to relate the ultrasound findings to existing cardiovascular disease. Data for the analyses presented here were collected as part of an ongoing multicenter study entitled the Cardiovascular Health Study (CHS).
Subjects and Methods

Subject Population
At the time of this study, CHS had enrolled 5,201 men and women, aged ^65 years. The CHS cohort was recruited from a random sampling of the Health Care Financing Administration (HCFA) Medicare eligibility lists in four communities: Forsyth County, N.C.; Sacramento County, Calif.; Washington County, Md.; and Pittsburgh, Pa. Any person aged ^65 years who was living in the sampled person's household and was able to give informed consent was eligible to participate in the study. Potential participants were excluded if they were institutionalized, wheelchair-bound in the home, or receiving treatment for cancer. Details of the study design have been published. 12 
Medical History
Initial data collection included parameters such as age and sex as well as history of diabetes, hypertension, and smoking. Physical examination included identification and location of carotid bruits. Hypertension was determined from the average of two measures and was defined as average systolic blood pressure 2: 160 mm Hg or average diastolic pressure ^95 mm Hg or by subjectreported history of hypertension and current use of antihypertensive medication. Borderline hypertension was defined as average systolic blood pressure 140-159 mm Hg or average diastolic blood pressure 90-94 mm Hg. Previously known diabetes was defined on the basis of participant-reported prior physician diagnosis of diabetes, or use of insulin or oral hypoglycemic agents. Glucose tolerance tests were interpreted using World Health Organization criteria 13 : newly recognized diabetes was defined as fasting glucose ^140 mg/dl or 2-hour glucose ^200 mg/dl; impaired glucose tolerance was defined as fasting glucose <140 mg/dl and 2-hour glucose 2140 mg/dl and <200 mg/dl. Laboratory data included measurements of total low density lipoprotein (LDL) and high density lipoprotein (HDL) cholesterol and total trigh/cerides, creatinine, blood urea nitrogen, blood glucose, and uric acid. Coronary disease was defined as self-reported and confirmed history of angina, myocardial infarction, or coronary revascularization or old myocardial infarction documented on electrocardiography (ECG). Stroke was denned as selfreported history of stroke confirmed by physical examination or medical records whenever possible.
Ultrasonography
Carotid ultrasound was performed during the baseline clinic visit with all four centers using Toshiba SSA-270A imaging units (Toshiba America Medical Systems, Tustin, Calif.). The four machines were identically equipped with a phased-array imaging probe having a characteristic -3-dB cutoff point of 6.7 MHz. The pulsed Doppler frequency was 4.0 MHz.
The imaging protocol involved obtaining a single longitudinal lateral view of the distal 10 mm of the right and left common carotid arteries and three longitudinal views in different imaging planes of each internal carotid artery. The internal carotid artery was defined as including both the carotid bulb, identified by the loss of the parallel wall present in the common carotid artery, and the 10-mm segment of the internal carotid artery distal to the tip of the flow divider that separates the external and internal carotid arteries. The examination concentrated on this site because studies have shown that plaques of the carotid artery occur primarily along the outer wall of the internal carotid artery in the region of the internal carotid artery opposite the bifurcation flow divider.
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Studies were recorded and sent weekly to the Ultrasound Reading Center for standardized readings. The high-resolution images of the common and internal carotid arteries were analyzed to calculate combined intimal-medial thickness of the near and far wall and the lumen diameter at each arterial site. All measurements of lumen and wall thickness were calculated by use of a specially designed computer program.
The reader estimated percent diameter stenosis for each internal carotid artery, using both image and Doppler data. Doppler peak systolic flow velocities < 1.5 m/sec were assumed to indicate the absence of significant (50%) lumen stenosis. Gray-scale imaging data alone were then used to estimate percent diameter stenosis as absent (0%), mild (1-24%), or moderate (25-49%). Doppler peak flow velocities of 1.5-2.5 m/sec were taken to represent stenosis of 50-74%, and Doppler flow velocities of 22.5 m/sec indicated 2:75% stenosis. The latter category included totally occluded internal carotid arteries. In all the analyses presented here, studies coded by the reader as having normal Doppler flow velocities but uninterpretable gray-scale images were included in the 0% stenosis category. Details of the scanning and reading protocols, as well as initial reproducibility results, have been published. 16 To quantify the degree of thickening of the carotid artery walls, the many measures of wall thickness were summarized into two variables, one for the common carotid and one for the internal carotid artery. The maximum wall thickness of the common carotid artery was defined as the mean of the maximum (m) wall thicknesses for near (N) and far (F) wall (W) on both the left (L) and right (R) sides: mLNW+mLFW+ mRNW+mRFW/4. The maximum wall thickness variable of the internal carotid artery was defined in the same way, and the results from the three scans were averaged.
The maximum stenosis was defined as the largest stenosis observed on the right or left side. When maximum stenosis was used as a continuous variable, it was coded as the midpoint of the interval to 0%, 1-25%, 26-50%, 51-75%, or 76-100%.
Statistical Analyses
Descriptive statistics, regression analysis, and analysis of variance were performed using the SPSS/PC statistical package (SPSS/PC PLUS V.4.0, SPSS Inc., Chicago). Analysis of variance was used to test for linearity of the relation between age and wall thicknesses with age treated as a discrete quantity with replication at each age. This method provided the capacity of identifying any significant deviations from a straight line. Relations between maximum stenosis and the maximum wall thicknesses were assessed in unadjusted form and after adjustment by linear regression for age and sex.
In computation of odds ratios, both maximum common and internal carotid wall thicknesses were categorized into approximate quartiles of the total sample. All odds ratios for these two variables used the lowest quartile as the comparison group. For the maximum percent stenosis the comparison category was the nostenosis group. Logistic regression analysis was used to study the independent contributions of wall thickness measures and maximum stenosis, treated as continuous variables, to the prediction of a history of coronary disease or stroke after the adjustment for age and sex. In the logistic regression analysis, only values of/><0.01 were considered statistically significant. The tests and confidence intervals for the odds ratios were computed using EGRET statistical software (Statistics and Epidemiology Research Corp., Seattle, Wash.).
Results
Of the 9,024 persons who were eligible and invited, 5,201 (57.6%) agreed to participate. There were 2,946 (56.6%) women and 2,255 (43.4%) men. The CHS cohort was largely white (94.5%), with blacks accounting for 4.7% and other races for 0.8%. An ultrasound scan was done on 5,176 (99.5%) of the participants. From these, maximum percent stenosis estimates of either the right or left internal carotid artery were available for 5,114 (98%) of participants, maximum common carotid artery wall thickness measurements were available for 5,164 (99.8%), and maximum internal carotid artery wall thickness measurements were derived for 5,117 (98.9%). Tables 1 and 2 show the distribution of maximum percent stenosis in women and men by age. Overall, maximum stenosis increased significantly with age (/><0.00001). The prevalence of severe stenosis (75-100%) was quite low, 2.3% in men and 1.1% in women. Moderate stenosis (50-74%) also occurred infrequently, being present in only 5.3% of men and 4.0% of women. The group having mild stenosis (1-49%) was quite large, almost 70% in men and 60% in women. Only 25% of men and 38% of women had vessels without plaque deposition. Men had a greater frequency and severity of stenosis at all ages than women (/xO.qOOOl).
Maximum internal carotid artery and common carotid artery wall thicknesses were greater in men than in women at every age, and both increased linearly with age ( Figure 1 ; test for deviation from linearity, NS; test for linear term, p<0.00001). Wall thickness measurements of the internal carotid artery were uniformly greater than those of the common carotid artery. The unadjusted relations between risk factors and history of coronary disease and stroke to the three measures of carotid atherosclerosis are shown in Table  3 . The R 2 values shown in the table provide a relative measure of the association of the variable and the ultrasound measurements, with larger values implying a greater association. Hypertension was strongly related to all three measures (/xO.OOOOl), with increased wall thickness associated with being borderline hypertensive and hypertensive. There was a stronger relation between smoking and the maximum internal carotid artery wall thickness than for the maximum common carotid artery wall thickness or the percent stenosis. Current smokers had the thickest arteries and most stenosis. The Left ventricular hypertrophy on ECG had similar associations with all three ultrasound measures. For the presence of a major ECG abnormality, both wall thickness measures had larger adjusted R 2 values than maximum stenosis. Bruits, on the other hand, were associated with maximum stenosis more strongly than they were with the two wall thicknesses. Clinically recognized coronary heart disease and stroke had highly significant associations with all three ultrasound measures, but the relative strength of the associations varied considerably. The strongest correlate of the three for a history of coronary heart disease was the maximum internal carotid artery wall thickness. For a history of stroke the strongest correlate was common carotid artery wall thickness.
Relations of the continuous risk factors with wall thickness and percent stenosis were computed using the partial correlation coefficient after adjustment for age and sex (Table 4 ). The largest correlations were seen for systolic blood pressure, whereas diastolic blood pressure was not associated with maximum common wall thickness (r=-0.01,/?=NS) and only weakly correlated with the other measures. Total and LDL cholesterol and trigryceride levels were all positively associated with carotid abnormalities, whereas HDL cholesterol was negatively associated with them. Glucose and insulin levels were positively associated with the ultrasound measures. Left heart ventricular mass measured by echocardiography was positively associated with all three measures.
Relations of dichotomous variables were assessed by logistic regression analysis. Coronary disease was reported and confirmed in 25.6% of subjects. The prevalence of coronary disease was examined by both stenosis grade and quartile of wall thickness of the internal and the common carotid arteries (Table 5) . Maximum stenosis was highly associated with coronary disease. The prevalence of coronary disease increased from 17.8% in those with 0% stenosis to 45.8% in those with £75% stenosis. The odds ratio for coronary disease comparing those with stenosis to those with 0% stenosis increased from 1.50 for those with 1-24% stenosis to 3.90 for those with £75% stenosis (x 1 test for trend=116, p<0.001).
Similar results were obtained for maximum wall thickness, although the differences between categories were less striking for the common wall thickness (x 2 test for trend=45, /xO.OOOOl). The differences between categories were impressive for the internal wall thickness (x 2 test for trend=153, /xO.00001), even though nearly all subjects represented in the three highest stenosis categories are grouped together in the highest wall thickness quartile.
Multiple logistic regression was used to assess independent relations of carotid measures to prevalent coronary disease. A model of predicting the risk of coronary disease that included maximum stenosis, the two measures of wall thickness, age, and sex showed that after adjustment for age and sex, both the maximum internal wall thickness and the maximum common carotid wall thickness were significant correlates of coronary disease (p<0.0001 and/?<0.02, respectively). The likelihood of coronary disease was estimated to increase by 36% for a 1-SD (0.69-mm) increase in the maximum internal wall thickness. The relation was somewhat weaker for the maximum common carotid wall thickness with a 1-SD (0.22-mm) increase estimating a 9% increase in risk. Maximum stenosis did not add significantly to the prediction of risk of prior coronary disease, however.
Prior stroke was reported and confirmed in 4.7% of participants. All three carotid ultrasound measures were associated with a history of stroke (Table 6 ). The incidence of prior stroke was 3.3% in those with 0% stenosis and increased to 10.8% in those with £75% stenosis. The odds ratio for prior stroke comparing those with stenosis to those with 0% stenosis increased from 1.33 for those with 1-24% stenosis to 3.60 for those with 275% stenosis (^2 test for trend=11, p<0.001). Subjects in the highest quartile of common carotid wall thickness had a threefold increased incidence of prior stroke compared with those in the lowest quartile (x 2 test for trend=17, /><0.0001). Subjects in the highest quartile of internal carotid artery maximum wall thickness were 2.6 times as likely to have had a history of stroke as subjects in the lowest quartile (x 2 test for trend=13,p<0.0001).
When ultrasound measures were included in a multiple logistic regression model for the prediction of prior stroke, adjusting for age and sex, both measures of wall thickness were significantly associated with a history of stroke and had similar risk ratios associated with a 1-SD change in wall thickness. Each of the wall thickness measures showed about a 20% increase in risk for a 1-SD change (p<0.005). As in the instance of prior coronary disease, maximum stenosis did not add significantly to the prediction of risk of prior stoke once adjustment was made for age, sex, maximum common carotid artery wall thickness, and maximum internal carotid artery wall thickness.
Discussion
Our data show that carotid atherosclerosis in a freeliving, healthy elderly population was commonplace, although the incidence of severe disease was low. The prevalence and severity of carotid atherosclerosis continued to increase with age among the elderly, and more disease was found in men than in women at all ages. Recognized risk factors for atherosclerosis remain related to carotid atherosclerosis in the later decades of life, both in our symptomatic and asymptomatic individuals. Thickness of the common carotid wall was related to internal carotid stenotic lesions and was a marker for symptomatic coronary disease and stroke in our elderly subjects.
Several ongoing cohort studies using ultrasound have reported similar patterns of carotid atherosclerosis in the asymptomatic elderly, although none are of the magnitude presented here. Salonen et al 17 showed that the prevalence of detectable atherosclerotic plaques in the carotid arteries of 412 Eastern Finnish men increased from 1% in those aged 42 years to 28% in their oldest group, those aged 60 years. Only 5% of this latter group were found to have more than 20% stenosis. 17 Examination of 1,189 members of the Framingham cohort, aged 66-93 years, revealed no disease in 30%, <50% stenosis in 62%, and ^50% stenosis in 8%, 18 results nearly identical to those found for CHS participants. The Rotterdam Elderly Study recently reported that of the initial 954 participants aged £55 years who underwent successful duplex examination of the right carotid artery, only 3.0% had 16-49% stenosis and 1.4% had 250% stenosis. 19 However, since this study used Doppler criteria rather than gray-scale findings to categorize all levels of disease, and since only the right carotid artery was examined, it is likely that their results underestimated the prevalence of carotid atherosclerosis in their population. They found, as we did, that the prevalence of carotid stenosis continues to increase in the later decades of life.
Our focus on deriving reproducible wall thickness measurements from digitized high-resolution gray-scale images using a specially designed computer program and analyzing these both separately and in combination with Doppler estimates of stenosis represents an evolution in the use of ultrasound to categorize carotid abnormalities. We found that wall thickness increased in a linear fashion with increasing age. On average, intimal-medial thickness of the common carotid artery increased by 0.01 mm for both men and women for each year beyond age 65, and intimal-medial thickness of the internal carotid artery increased by 0.02 mm. Whereas ours was a cross-sectional study, these results give an estimate of expected wall thickening over time. Because natural selection would presumably eliminate those with higher levels of disease over time, our findings are likely conservative estimates of disease progression.
The relations we found between carotid atherosclerosis and risk factors such as hypertension, smoking status, diabetes, major ECG abnormality, and the presence of carotid bruits were similar to those previously described. 917 - 20 " 27 The partial correlations for our elderly population may be smaller than in other studies because of premature death among subjects with more severe disease. The previously described inverse relation between carotid atherosclerosis and HDL cholesterol was seen in our elderly cohort. 28 We found that systolic but not diastolic blood pressure was positively associated with ultrasound measurements. A similar finding has been previously published by Salonen and Salonen. 29 In fact, in our study diastolic blood pressure had a weak inverse association with intimalmedial thickness in the internal carotid artery and maximal stenosis. This finding, and the association between all three ultrasound measures and left ventricular mass, will be discussed in a future report.
All measures of carotid artery involvement by the atherosclerotic process were related to clinically manifest coronary heart disease. The association between atherosclerosis in the carotid and coronary systems is 30 Recent studies, using ultrasound, have shown that carotid atherosclerosis, expressed as average maximum wall thickness measurements from the internal and common carotid arteries, can correlate with coronary disease. 910 These studies involve participants who were preselected by virtue of having either coronary or carotid artery disease. Ours is a study of relatively healthy elderly men and women recruited from a random sample of HCFA Medicare eligibility lists lacking this bias. Nevertheless, this association remains, with internal carotid artery stenosis shown to be a stronger correlate of coronary disease than wall thickness. Our study presently permits only cross-sectional analysis of ultrasound findings and prevalent coronary heart dis- CCA, common carotid artery, ICA, internal carotid artery.
CCA, common carotid artery, ICA, internal carotid artery.
ease. Obviously of great interest is the relation between the ultrasound measures and incident coronary disease. The Kuopio Ischemic Heart Disease Risk Factor Study reported that the risk of acute coronary events in 1,288 men followed for a period varying between 1 month and 2.5 years was 3.29 times greater for those having any structural changes in the carotid artery compared with those with normal vessels. 31 As we report in relation to prevalent disease, they found that carotid stenosis carried a higher risk for future coronary events than did wall thickening. Because CHS is a prospective, observational, epidemiological study of risk factors for coronary heart disease and stroke, we will be able to explore this topic in a future report.
Although all carotid artery measures were related to a history of stroke, the association was not as strong as expected. The likelihood of stroke was 2.7 times greater for those with 50-74% stenosis compared with those having 0% stenosis, but it only increased to 2.9 for those having 75-100% stenosis. It is an underappreciated fact that only 9% of ischemic strokes are thought to be caused by extracranial carotid disease. 32 The majority of patients with incident stroke do not have significant extracranial carotid disease by noninvasive study- 33 Despite these considerations, the association of carotid disease with ischemic stroke is almost certain to be substantially greater than is suggested by the data from our prevalence series. First, approximately 15% of all strokes are either subarachnoid or intracerebral hemorrhage and did not involve an atherosclerotic mechanism. Second, and more importantly, patients with ischemic stroke and significant carotid atherosclerosis have a much worse survival likelihood than the average ischemic stroke patient, leading to a survivor bias in any prevalence series. In the Stroke Data Bank, the inhospital mortality was only 1% for lacunar infarction compared with 18% for atherosclerotic infarction. after discharge is higher for stroke patients with coronary artery disease as well as atherogenic risk factors such as diabetes and hypertension. 34 Wall thickness measurements showed stronger associations with a history of stroke than the more standard measure of percent diameter stenosis. This finding, which has not been previously reported, was true for both internal and common carotid artery wall measurements.
The value of common carotid wall thickness measurements for evaluating the severity of carotid atherosclerosis was expected. Poli et al 35 have reported that the carotid far walls of 36 hypercholesterolemic patients were thicker than those of 31 normolipidemic subjects (/j<0.001) of similar ages. Although common carotid artery wall measurements are easier to make and more reproducible than internal carotid artery wall measurements, 16^6 it was not known whether thickening of the common carotid artery wall would prove an independent marker of atherosclerosis in the elderly. Our results suggest that this measurement is as strong a correlate of coronary disease and stroke as stenosis or internal carotid artery wall measurements. This is not to suggest that either the internal or the common carotid artery wall measurements should be used exclusively. Although the odds ratios for the presence of coronary disease or stroke are greater for the higher quartile of wall thickness measurements of both common carotid and internal carotid arteries, these measurements have slightly different predictive value. For example, logistic regression for coronary disease risk shows that the internal carotid artery wall thickness has a higher correlation value than the common carotid artery wall measurement. A similar model for stroke risk shows that both measures contribute. At the same time, a smaller change in common carotid wall thickness is necessary to significantly increase the risk of prior stroke. For example, a 0.22-mm change in common carotid wall thickness contributes approximately the same as a 0.69-mm change in internal carotid wall thickness. Nevertheless, it is striking that the strength of the relation of the common and internal carotid arteries is so similar in terms of 1-SD change. Each of the wall thickness measures showed about a 20% increase in risk for a 1-SD change. This additive effect will be magnified in many people because thick walls in the common carotid are associated with thick walls in the internal carotid. For example, someone with both the common and the internal wall thicknesses 1-SD larger than a comparable person would be estimated to have a 47% greater risk of stroke.
There are significant advantages in using wall thickness measurements in population studies rather than stenosis categories traditionally used in clinical studies. Studies of the variability associated with measurement of stenosis by ultrasound or angiography have shown that within-and between-observer agreement is better when arteries are normal or highly diseased and worse when they are mildly or moderately diseased. 37 - 38 Our results demonstrate that the majority of elderly subjects have mild disease. Also, wall thickness measurements are continuous variables as opposed to stenosis categories. Most importantly, only small numbers of participants will fall into the higher levels of disease categories when defined as percent stenosis. Of the 5,176 subjects analyzed in our study, only 316 had 50-100% stenosis. Yet, when the population was divided into quartiles based on wall thickness, the more than 2,500 participants in the higher two quartiles showed increased probability of prevalent coronary heart disease and stroke when compared with those in the lowest quartile of similar magnitude to that of the participants with 50-100% stenosis compared with those with 0% stenosis. Thus, wall thickness identified over 2,000 participants with significant disease who were missed when assessed by percent stenosis criteria.
In this cross-sectional analysis of an elderly population, both established risk factors for atherosclerosis and coronary disease or stroke correlated significantly with measures of carotid artery disease by ultrasound. The presence of increases in wall thickness beyond those predicted by age and sex may identify individuals at higher risk for coronary disease and stroke. Future follow-up of the CHS cohort will help determine if these measures of subclinical disease are better independent predictors of clinical disease than the traditional cardiovascular disease risk factors.
